Abstract. Generating the coordinated tractive force of each wheel for the robot is an important control objective in order to ensure the wheels to be the driven wheel but not the towed wheel. The tractive force is different between the front wheel and the following rear wheel because of the wheel's unequal sinkage caused by the compaction of loose soil. In this study, the mathematical model of sinkage is established to investigate the influence of repetitive passing on wheel sinkage, and the wheels' tractive performance is deduced on basis of the terramechanics. The equal drawbar pull generated by all the wheels under the optimal efficiency analysis is defined as the index to evaluate the wheel's motion consistency, as well as the coordinated control objective of wheeled mobile robot on loose soil. Furthermore, dynamic model of a six-wheel mobile robot is established and the fuzzy sliding mode controller is designed. Meanwhile, the validity of the proposed modeling and control method is demonstrated through the ADAMS co-simulation model. The result shows that control system has good performance in simulation.
Introduction
Investigating the dependence of sinkage on the load acted on the wheel is the primary step for analyzing the driving performance of the robot on loose sand. When wheeled mobile robot travels on the loose soil, the following rear wheel have less sinkage than the front one due to soil compaction caused by the front wheel, which results in that the tractive force generated by the wheels are different. The sinkage of the wheel includes the static sinkage and slip sinkage. The static sinkage can be described by the pressure-sinkage relationship [1] . The slip sinkage is related with the wheel slip ratio except for the wheel configuration [2] . The robot can't perform the best driving capability at the smaller slip ratio. However, the excessive value of slip will lead to the wheel dig the sand acutely and be sucked in the sand which is the fatal factor for the exploration. Therefore, keeping the slip within an appropriate level is important to the robot driving control. However, the drawbar pulls of each wheel are unequal because of the different repetitive passing sinkage, even if each wheel is driven at the same slip ratio. Therefore, studying the coordinated control of wheeled mobile robot on basis of the repetitive passing analysis and the slip ratio reasonable selection is necessary, which should ensure that the robot obtains the best driving performance.
Many research works have been done to study the motion performance and the tractive control of the robot based on the terramechanics. Ref. [3] presents a qualitative and quantitative evaluation of the multi-pass effect on off-road vehicle tractive performance in different soils. Ref. [4] showed that the terrain changes its properties after each pass and the variations are a function of the slip. In order to improve the driving performance and the stability of an electric vehicle, Ref.
[5] presents a new method to limit wheel slip and to improve climbing capabilities, and the Ref. [6] introduces a novel acceleration slip regulation algorithm based on fuzzy logic control strategy for four-wheel independent driving electric vehicles [6] . A rough-terrain control methodology is presented to improve ground traction and reduce power consumption of the multi-wheeled mobile robot systems [7, 8] . The optimal slip ratio control was achieved by investigating the dependence of slip ratio on maximum road friction [9] . At present, the control strategy based on Fuzzy-PID, fuzzy sliding-mode et.al is widely used in the motion control of wheeled mobile robots.
Based on Bekker's pressure-sinkage model, this paper analyzed the repetitive passing mechanism of multi-wheeled mobile robot on loose soil. Meanwhile, a coordinated control strategy of wheeled mobile robot is researched based on the repetitive passing mechanism and wheel-soil interaction model.
The Mathematical Model of Sinkage
The sinkage of each wheel on loose soil can be drawn as shown in Fig.1 . According to the formulation of the pressure-sinkage relationship [10] , the static sinkage zc1 of the first rigid wheel can be described as:
Where W1 is the load acted on the first wheel, b is the wheel width, D is the wheel diameter, n is the sinkage exponent of the original soil, k=kc/b+k , kc and kφ are the pressure-sinkage modulus of the original soil.
After passing of the first wheel, the soil under the first wheel is compacted and soil properties faced by the following wheel also have been changed. Therefore, the Eq. (1) can't directly predict the subsequent wheel sinkage as shown in Fig.1 . Therefore, the recursion formula for predicting the repetitive passing sinkage is introduced as following equation [10] :
Where Zci and Wi is the static sikage and the load of the ith (i=2,3) wheel, respectively. The Eq. (1) and Eq. (2) describe the dependence of static sinkage on the wheel load. However, the actual wheel sinkage is the sum of static sinkage and slip sinkage. The slip sinkage indicates the additional wheel sinkage caused by the wheel rolling on the loose sand under a certain driving slip ratio. An approximate linear relationship is found between the slip sinkage and the slip ratio [11] , which can be expressed as:
Where Zsi is the slip sikage of the ith wheel, μ is the slip sikage coefficient, si is the slip ratio of the ith wheel, i=1, 2, 3.
Therefore, the total sinkage zgi of the ith wheel can be described as:
( 1,2,3)
The calculation of the Zci and Zc(i-1) according to the Eq. (2) should denote this wheel actual sinkage, namely including the static sinkage and slip sinkage of this wheel. Then the Eq. (2) should be revised as:
Where ( 1) ( 1)
Therefore, the revised total sinkage z'gi of the ith wheel can be described as:
In Eq. (6), the zgi represents the relative value of the each wheel sinkage measured from the original soil surface. Therefore, the absolute sinkage of the ith wheel (as shown in Fig.1 ) can be written as:
, ( 2,3)
When the original soil parameters, wheel configuration and driving parameters have been confirmed, ΔZ1 can be obtained. Then, ΔZ2 and ΔZ3 can also be deduced by the Eq. (5)-Eq. (7).
Wheel-soil Interaction Mechanics Model
Tractive Performance Analysis of Repetitive Passing Based on the wheel-soil interaction mechanics model [12] and the repetitive passing mechanism, the equations of payloads, drawbar pulls and driving torques can be derived by the following equations, respectively:
When wheel configuration, soil parameters and the driving parameters have been known, the value of FDP and Tr of each wheel can be obtained. Meantime, the wheel sinkage can also be predicted.
Calculation Example of Repetitive Passing
In Table 1 and Table 2 , the parameters were selected to visually show the calculation results of Eq. (8)-Eq. (10) in predicting the repetitive passing performance of a six-wheel robot. And the Fig.2 and Fig.3 shows the calculation results. 
0.27 0.165 50 0.05 Table 2 . The parameters of the soil [13] . It can be observed from Fig. 2 and Fig. 3 that the smaller slip ratio can meet the driving requirement for the robot. In contrast, the excessive value of slip will lead to the wheel dig the sand acutely, and the bulldozing resistance will increase sharply so that the drawbar pull will decrease obviously. Meanwhile, it can also be seen that the value of the drawbar pull and driving torque of each wheel increase sequentially from No. 1 wheel to No.3 wheel. The reason of this result is that the compaction degree of the soil under the each wheel is different. After the first rolling of the wheel, the soil becomes compact so that the soil parameters which indicate the anti-shearing performance increase, and the shear force between wheel and soil will raise.
Coordinated Control Mechanism Dynamics Model and the Control Parameters for Wheeled Mobile Robot
According to the previous studies [10] , the space state equation fi(x; v) and control input variable coefficient Bi(x; v) can be expressed as:
Meanwhile, the trafficability index ξi was established to evaluate driving performance of the wheeled mobile robot, which can be written as:
Refer to the parameters value in Table 1 and Table 2 , the relationship between ξi and slip ratio of the example wheel can be demonstrated by the Fig. 4 . The results indicate that the value of trafficability index ξi for each wheel is raise firstly and decrease subsequently with the increase of slip ratio. And the tractive index is up to the maximum as the slip is about 0.2-0.25. Furthermore, it can be demonstrated that keeping the slip within an appropriate level is important to the driving control of robot. Therefore, the slip ratio was defined as the control variable which can be described via solving partial derivative for si, that is:
Therefore, the extreme value si can be expressed as:
Coordinated Control Strategy
Keeping the tractive efficiency up to the maximum is the ideal objective for the robot. However, Fig.  5 reveals that the drawbar pull is different at the equal slip ratio of the repetitive passing wheel. In this case, one wheel owning the smaller drawbar pull might be towed to move. Therefore, it should ensure the drawbar pull of the each wheel to be equal. Based on the results of Fig.4 and Fig.5 , this paper presented a coordinated control strategy: firstly, the first wheel is controlled to obtain its optimal slip ratio which is defined as s1. Secondly, the drawbar pulls of the other two wheels are controlled to equal to value of the first wheel and the corresponding slip ratio are defined as s2 and s3, respectively. Finally, the slip ratios of each wheel are controlled to reach the expected value s1, s2 and s3, respectively. In this way, all the wheels have equal drawbar pull so that the robot can achieves a better driving performance. Fig.6 shows coordinated control flow diagram of the wheel mobile robot.
The equal drawbar pull of the each wheel is obtained via defining the different slip ratio for driving wheel. The slip ratio indicates the relationship between input driving velocity and robot actual velocity, which can be described by the ratio of the difference value between theoretical velocity and actual velocity to theoretical velocity. Therefore, the different value of the wheel slip ratio, which confirmed in Fig.5 , don't represent that the actual velocity of each wheel is different. 
Fuzzy Sliding Mode Controller Design
Refer to the previous studies [12] , the fuzzy sliding mode control systems based on exponential approach law and constant speed approach law were designed. Comparing of the results, the fuzzy sliding mode controller based on exponential approach law was chosen to be designed and verify the coordinated control strategy. The control rule observer of fuzzy controller is shown in Fig.7 .
In Fig. 7(a) , the actual slip ratio of wheels closes to the expected slip ratio within 0.1s. The control results of drawbar pull is shown in Fig. 7 (b) . It can be seen that drawbar pull firstly increase then decrease and eventually stabilize in one value after the start time of less than 0.1s. Small differences remains, due to the error exist in the calculation process. However, the error is very small, which can be ignored. 
Admas and Simulink Co-simulation
The validity of the proposed modeling and control method is demonstrated through the ADAMS co-simulation model combined the fuzzy sliding mode controllers in Matlab/Simulink. Drawbar pull, wheel drag torque and wheel output torque of the wheeled mobile robot are defined as the system control input. Wheel translational velocity and wheel angular velocity are defined as the system control. The co-simulation results are shown in Fig.8 It can be observed from the simulation result that drawbar pulls and drag torques firstly increase then stabilize in a constant value after the start time of approximately 0.1s. The control effect is very perfect and there is almost no jitter and nose in the control process. Meanwhile, Fig.8 (a) shows that the equal drawbar pulls is achieved. Fig.8 (b) shows that the driving torques of wheels increase regularly, this is because that the following rear wheel tractive passing the compacted soil by the front wheel, which improve the latter's driving performance. 
Conclusions
Based on Bekker's pressure-sinkage relationship, the repetitive passing mechanism and the coordinated control strategy of wheeled mobile robot on loose soil are investigated. Restricting the equal slip ratio for the each wheel is inappropriate for the driving control for the repetitive passing robot. Generating the coordinated tractive force of each wheel for the robot and ensuring the wheels to be the driven wheel but not the towed wheel are the important control objective for repetitive passing robot on loose sand. The present research on tractive performance and driving control for the robot or off-road vehicle are one important part in the robot technology. Therefore, the study in this paper can be useful for the prediction of robot motion performance on loose sand.
